Ionic effects on adrenal steroidogenic electron transport. The role of adrenodoxin as an electron shuttle.
We have shown (Seybert, D., Lambeth, D., and Kamin, H. (1978), J. Biol. Chem. 253, 8355-8358) that, whereas the 1:1 complex between adrenodoxin reductase and adrenodoxin is the active species for cytochrome c reduction, the complex is not sufficient to allow cytochrome P-45011 beta-mediated hydroxylations;adrenodoxin in excess of reductase is required. In the present studies, reduction by NADPH of excess adrenodoxin is shown to occur at a rate sufficient to support both cytochrome P-450 11 beta-mediated hydroxylation of deoxycorticosterone, and cytochrome P-450sec-mediated side chain cleavage of cholesterol. Oxidation-reduction potential and ion effect studies indicate that the mechanism of steroidogenic electron transport involves an adrenodoxin electron "shuttle" rather than a macromolecular complex of reductase, adrenodoxin, and cytochrome. The oxidation-reduction potential of adrenodoxin is shifted about -100 mV when bound to reductase, and reduction of the iron-sulfur protein thus promotes dissociation of the complex. The rate of adrenodoxin reduction is first stimulated, then inhibited by increasing salt; the effect is ion-specific, with Ca2+ approximately Mg2+ greater than Na+ greater than NH/+. Similar ion-specific rate effects are observed for both of the cytochrome P-450-mediated hydroxylations, indicating that the same reduction mechanism is required for these reactions. Increasing salt concentrations caused dissociation of the complex; dissociation of the form of the complex containing reduced adrenodoxin occurred at lower salt concentrations than that containing oxidized adrenodoxin. The order of effectiveness of ions in causing dissociation is the same as the order for stimulation of adrenodoxin reduction, suggesting a dissociation step in the mechanism. This proposed model, together with dissociation constants for the form of the complex containing either oxidized or reduced adrenodoxin, allows accurate prediction of the salt rate effects curve. For all ions, an activity maximum is seen at the ion concentration which produces the largest molar difference between associated-oxidized and dissociated-reduced states, and the model predicts the positions of the maxima for adrenodoxin reduction, 11 beta-hydroxylation, and side chain cleavage. Thus reduction-induced dissociation of adrenodoxin from adrenodoxin reductase appears to be a required step in steroidogenic electron transport by this system, and a role for adrenodoxin as a mobile electron shuttle is proposed.